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(57) ABSTRACT 

A matrix integrated magnetics (MIM) “Extended E’ core in 
which a plurality of outer legs are disposed on a base and 
separated along a first outer edge to define windows therebe 
tween. A center leg is disposed on the top region of the base 
and separated from the outer legs to define a center window. 
The center leg is Suitably positioned along a second outer 
edge opposite the first or between outer legs positioned along 
opposing outer edges. A plate is disposed on the outer legs 
opposite the base. 
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EXTENDED E MATRIX INTEGRATED 
MAGNETICS (MIM) CORE 

0001. This application is a continuation of, and claims 
priority to, U.S. patent application Ser. No. 1 1/866,152, 
entitled “Extended E Matrix Integrated Magnetics (MIM) 
Core, filed on Oct. 2, 2007, which is a divisional of U.S. 
patent application Ser. No. 10/922,067, entitled “Extended E 
Matrix Integrated Magnetics (MIM) Core.” filed on Aug. 19, 
2004, now, U.S. Pat. No. 7,280,026, issued Oct. 9, 2007, all of 
which are incorporated herein by reference. 

FIELD OF THE INVENTION 

0002. This invention relates to the field of switched-mode 
power converters, and particularly to a matrix integrated mag 
netics (MIM) core structure. 

DESCRIPTION OF THE RELATED ART 

0003 Switch-mode power converters are key components 
in many military and commercial systems for the conversion, 
control and conditioning of electrical power and often govern 
performance and size. Power density, efficiency and reliabil 
ity are key metrics used to evaluate power converters. Trans 
formers and inductors used within power converters consti 
tute a significant percentage of their volume and weight, and 
hence determine power density, specific power, efficiency 
and reliability. 
0004 Integrated magnetics provides a technique to com 
bine multiple inductors and/or transformers in a single mag 
netic core. They are specifically amenable to interleaved cur 
rent multiplier converter topologies where the input or output 
current is shared between multiple inductors. Integrated mag 
netics offers several advantages such as improved power den 
sity and reduced cost due to elimination of discrete magnetic 
components, reduced Switching ripple in inductor currents 
over a discrete implementation and higher efficiency due to 
reduced magnetic core and copper losses. 
0005. The integrated magnetics assembly 10 shown in 
FIG. 1a for a current doubler rectifier (CDR) comprises an 
E-core 12 and plate 14 wound with split-primary windings 16 
and 18, secondary windings 20 and 22, and an inductor wind 
ing 24 (see U.S. Pat. No. 6,549,436). This assembly integrates 
a transformer and three inductors in a single E-core as shown 
in the equivalent circuit of FIG. 1b. As a result, the magnetic 
flux in the core consists of transformer and inductor compo 
nents. The center leg of the E-core is in the inductive flux path, 
and hence is gapped to prevent core Saturation and provide 
energy storage. A high permeability path is maintained for a 
transformer flux component to ensure good magnetic cou 
pling between the primary and secondary windings. The 
inductive flux components 27 and 29 flow through the outer 
legs 26, 28, the center leg 30, and the air gap 32, and complete 
through the top plate 14 and the base 30. The transformer 
component 25 of the flux circulates in the outer legs 26 and 
28, the top plate 14 and the base 31, which form a high 
permeability path around the E-core 12. 
0006. The two windings 20 and 22 perform the dual opera 
tion of transformer secondary windings and the two inductor 
windings of a two-phase interleaved current multiplier or, in 
other words, a current doubler. Accordingly, the secondary 
winding currents are shifted in phase by one half of the 
Switching period, resulting in reduced Switching ripple in 
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their sum. The center leg winding 24 carries the sum of the 
secondary winding currents and provides additional filtering 
inductance, thereby achieving further reduction in the current 
Switching ripple. Hence, interleaved converter topologies 
reduce Switching ripple in the input or output current by using 
multiple Smaller inductors and a lower Switching frequency, 
resulting in high power density and efficiency. For applica 
tions where higher currents (>50 A) are required at low (<3. 
3V) to moderate (~12V) voltages at high efficiency and power 
density, two-phase interleaving might be inadequate to meet 
Switching ripple specifications on the inductor currents and 
output Voltage. A larger output capacitor can reduce output 
voltage ripple but will increase the volume and weight of the 
converter and result in sluggish transient response in response 
to dynamic load conditions. Multi-phase interleaved current 
multipliers will be required for such applications. However, 
utilizing multiple discrete E-cores to implement multiphase 
interleaving topologies increases component count and inter 
connect losses, resulting in poor power density and efficiency. 
0007 An additional limitation to using E-cores for high 
current applications is the detrimental effect of the fringing 
flux due to the limited cross sectional area of the gapped 
center leg. The fringing flux represents the flux component 
that strays away from the main magnetic path and spills into 
the core window inducing eddy currents in the windings 
therein. This results in increased IR losses in the windings 
and reduced efficiency. To reduce eddy current induction due 
to fringing flux, the windings are placed a safe distance away 
from the air gap, resulting in poor utilization of the core 
window area. In addition, the fringing flux represents a loss of 
inductance which results in increased Switching ripple in the 
winding currents, leading to higher IR losses and poor effi 
ciency. 

SUMMARY OF THE INVENTION 

0008. The present invention discloses a matrix integrated 
magnetics (MIM) core structure that provides a single, low 
profile core solution for both isolated and non-isolated con 
Verter topologies, is easier and less expensive to fabricate, is 
Scalable to an arbitrary number of interleaving phases and 
provides a minimal length for an additional inductor winding 
around the center leg. 
0009. This is accomplished with an “Extended E’ con 
figuration in which at least three outer legs are disposed on the 
top region of a base and separated along a first outer edge to 
define windows therebetween. A center leg is disposed on the 
top region of the base and separated from the outer legs to 
define a center window. In one embodiment, the center leg lies 
along a second outer edge parallel to the first. In another 
embodiment, a like plurality of outer legs are disposed along 
a second outer edge with the center leg disposed therebe 
tween. A plate is disposed on the outer legs opposite the base. 
An air gap may or may not be formed between the plate and 
center leg depending on whether the core is formed from a 
single high permeability material or formed from a composite 
of the high permeability material and a low permeability, high 
saturation material. 

0010. The number of outer legs is equal to the number of 
interleaving phases for an interleaving current multiplier 
topology. The primary and secondary windings for an iso 
lated converter or inductor windings for a non-isolated topol 
ogy are wound around the outer legs with an additional 
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optional inductor winding that can be wound around the 
center leg for additional filtering inductance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0011. These and other features and advantages of the 
invention will be apparent to those skilled in the art from the 
following detailed description of preferred embodiments, 
taken together with the accompanying drawings, in which: 
0012 FIGS. 1a and 1b, as described above, are the wind 
ing diagram of a standard E-core and the equivalent circuit 
respectively for an isolated current doubler rectifier (CDR) 
with an additional center leg winding; 
0013 FIGS. 2a through 2c are different views of an 
Extended Ematrix integrated magnetics (MIM) core in accor 
dance with the present invention; 
0014 FIG. 3 is a diagram of the Extended E MIM core 
illustrating accumulation of magnetic flux from the outer legs 
in the shared center leg; 
0015 FIGS. 4a through 4d are section views of a compos 

ite Extended EMIM core for isolated and non-isolated con 
verters; 
0016 FIGS. 5a and 5b are alternate embodiments of the 
Extended EMIM core; 
0017 FIGS. 6a and 6b are a schematic of an isolated 
three-phase current multiplier topology and a winding dia 
gram using the Extended EMIM core; and 
0018 FIG. 7 is a diagram of an alternate implementation 
of an Extended E MIM core with outer legs disposed on 
opposite edges of a base with the center leg between them 
along the center of the base. 

DETAILED DESCRIPTION OF THE INVENTION 

0019. The present invention provides a matrix integrated 
magnetics (MIM) core structure, that provides a single, low 
profile core solution for both isolated and non-isolated con 
Verter topologies, is easier and less expensive to fabricate, is 
Scalable to an arbitrary number of interleaving phases and 
provides a minimal length for an additional inductor winding 
around the center leg. 
0020 Copending U.S. patent applications Ser. No. 
10/126,477 entitled “Core Structure' filed Apr. 18, 2002 (now 
U.S. Pat. No. 6,873.237, issued Mar. 29, 2005) and Ser. No. 
10/302,095 entitled “Core Structure and Interleaved DC-DC 
Converter Topology” filed Nov. 21, 2002 (now U.S. Pat. No. 
7,046,523, issued May 16, 2006) introduce MIM core struc 
tures in cross and radial configurations. The basic MIM core 
provides for low profile magnetics due to higher center leg 
cross sectional area and lower air gap height, better core 
utilization and uniform flux distribution, and improved effi 
ciency and lower losses over conventional E-core designs. 
The copending applications describe how the MIM core can 
be used for multiphase current multiplier topologies to effec 
tively reduce Switching ripple in the input/load current and 
the output voltage without having to increase the Switching 
frequency or inductance. 
0021. An “Extended E’ embodiment of the MIM core 
structures incorporates the same principles with additional 
advantages of fabrication simplicity, Scalability and mini 
mum winding lengths for an additional center leg inductor 
winding. The Extended EMIM core is a simpler structure that 
can be easily machined from a single block of core material or 
can beformed by bringing together multiple blocks. The core 
can be scaled up to include additional outer legs by simply 
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making the center leg longer and adding another outer leg or 
by adding outer legs on the other side of the center leg. The 
number of outer legs is equal to the number of interleaving 
phases for an interleaving current multiplier topology. The 
perimeter of the rectangular center leg is shorter than that of 
either the cross or radial center legs, which reduces the resis 
tance of the additional center leg inductor winding. 
0022. As shown in FIGS. 2a-2c, an embodiment of the 
Extended E core 34 includes at least first, second and third 
outer legs 36, 38 and 40, respectively, disposed on the top 
region 42 of a base 43 and separated along a first outer edge 44 
to define first, second, ... windows 46, 48 therebetween. A 
fourth outer leg 41 and third window 49 are also included in 
this embodiment. A center leg 50 is disposed on the top region 
42 of the base 43 along a second outer edge 52 and separated 
from the first, second and third legs to define a center window 
53. The base 43, outer legs 36,38, 40 and 41 and the center leg 
50 maybe machined from a single block of magnetic material 
or joined together from multiple blocks that are fabricated 
separately. A plate 54 is disposed on the first, second and third 
legs opposite the base. If the core is formed from a single high 
permeability material Such as ferrite, silicon steel or metglas 
laminations, an air gap 56 is formed between the plate 54 and 
center leg 50 to avoid core saturation. 
0023. As illustrated in FIG. 3, the inductive flux compo 
nent 57 in either an isolated or non-isolated power converter 
circulates in a low permeability path 58 from the outer legs, 
through base 43, through center leg 50, across the low per 
meability air gap 56 and returns through plate 54. In an 
isolated power converter, the transformer flux components 
(not shown), algebraically adding to Zero, would circulate in 
a high permeability path through the outer legs, the plate and 
the base, avoiding the center leg and air gap. 
0024 AS described in the copending applications, one 
benefit of the MIM core is its cellular nature. Depending on 
the power converter topology, a cell could consist of one or 
two outer legs and the corresponding windings therein. This 
cellular topology can be used to provide a plurality of output 
Voltages or to implement interleaved current multiplier 
topologies to reduce Switching ripple in the load/input current 
and output voltage. For interleaved current multiplier topolo 
gies, if the converter is based on a full bridge topology, each 
outer leg and the windings therein will constitute a cell and 
the number of interleaving phases will be equal to the number 
of outer legs. On the other hand, a cell will consist of two outer 
legs if the converter is based on a half-bridge topology. How 
ever, the number of outer legs will still equal the number of 
interleaving phases. 
0025. Another benefit of the MIM core structure is the 
presence of a shorter air gap 56 than would be found in a 
comparable typical E-core. Whereas a typical E-core has a 
center leg between the two outer legs, the core of the invention 
has a center leg, which may be considerably larger in com 
parison. The larger center leg may result in a shorter air gap. 
The shorter air gap has reduced fringing flux, meaning that 
the core may be more compact. For interleaved current mul 
tiplier topologies, the height of the air gap Scales inversely 
with the number of interleaving phases. As a result, the MIM 
core, by virtue of its amenability to support interleaved 
topologies, enables a shortened air gap. This, in turn, reduces 
fringing flux, enabling a better utilization of the core window, 
lower profile and lower IR losses due to reduced eddy cur 
rentS. 
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0026. As illustrated in FIGS. 4a-4d, the core 34 may be 
formed from a composite of a high permeability material 60 
and a low permeability, high Saturation material 61 to elimi 
nate the air gap as described in co-pending U.S. Patent Appli 
cation “Composite Magnetic Core for Switch-Mode Power 
Converters, filed on Aug. 19, 2004, which is hereby incor 
porated by reference. In general, the use of a high permeabil 
ity material reduces the number of winding turns required for 
a desired inductance. The composite core is configured so the 
low permeability, high Saturation material is located where 
the flux accumulates from the high permeability sections of 
the core. In non-isolated converters, a portion of the center 
leg, base and or plate is formed from the low permeability, 
high Saturation material. In an isolated converter, all or a 
portion of the center leg is formed from the low permeability, 
high Saturation material in order to preserve a high perme 
ability path for the transformer components of the flux. More 
specifically, a portion (some to all) of at least one of the base, 
center leg and the plate is formed of a first magnetic material 
having a first magnetic permeability (LL) and a first Satura 
tion flux density (B) and the remainder of the core is 
formed of a secondary magnetic material with a second per 
meability (LL) greater than the first by at least a factor of 10. 
This configuration balances the requirements of providing a 
core and winding structure with the desired inductance and 
minimum IR losses, avoiding Saturation of the composite 
core and Suppressing or eliminating any fringing flux. 
0027. As shown in FIGS. 5a and 5b, the Extended EMIM 
core 34 can have a center leg 50 implemented with a plurality 
of center leg elements 50a, 50b, 50c ... disposed on the top 
region 42 of the base 43 along the second outer edge 52 and 
separated from the first, second and third legs to define a 
center window 53. In FIG. 5a, the center leg elements are 
rectangular. In FIG.5b, the center leg elements and outer legs 
are circular. Multiple center leg elements may be used to 
simplify fabrication and lower cost. Machining a large core 
from a single piece of material may be too expensive. It is less 
expensive to assemble multiple center leg elements to form 
the core. Circular legs eliminate flux crowding at the corners 
and thus provide a more uniform flux distribution. However, 
they are harder to fabricate and more expensive. 
0028. A power converter topology with reduced output 
Voltage ripple was described in detail in copending applica 
tion"Core Structure and Interleaved DC-DC Converter Tech 
nology. Application of the Extended EMIM Core structure 
to a 4-phase, isolated, half-bridge based interleaved current 
multiplier rectifier is shown in FIGS. 6a and 6b. The power 
converter 100 shown in FIG. 6a consists of two interleaved 
half-bridge CDRs 62 and 63. The two voltage sources 
denoted as V represent the input voltage to the two CDRs 
and the capacitor Voltage V represents the output of the 
converter. The load (not shown in FIG. 6b) is connected 
across the output capacitor. The two CDRs consist of two split 
primary windings 64, 66, 68 and 70 and four secondary wind 
ings 72,74, 76 and 78. The two CDRs are shifted in phase by 
a fourth of the switching period in order to achieve 4-phase 
interleaving. The synthesis of a single core integrated mag 
netics solution for this converter using the Extended E MIM 
core structure is shown in FIG. 6b. A detailed description of 
this interleaved converter topology including timing dia 
grams and derivation of control signals is provided in the 
copending application. 
0029. An alternate implementation of the Extended E 
MIM core structure using 6 outer legs 80, 82,84, 86, 88,90 
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disposed on opposite edges of a rectangular base 93 with the 
center leg 91 disposed along a center line between the two 
edges of the base suitable for a 6-phase interleaved current 
multiplier and a top plate 92 is shown in FIG. 7. If this core 
were to be used to synthesize integrated magnetics for a 
6-phase interleaved current multiplier synthesized as three 
halfbridge CDRs, outer leg pairs 80 and 82, 84 and 86, and 88 
and 90 will be used by each CDR. Each outer leg will house 
a primary and secondary winding (not shown in FIG. 7). An 
additional center leg winding can be used to increase the 
effective filtering inductance. 
0030. While several illustrative embodiments of the inven 
tion have been shown and described, numerous variations and 
alternate embodiments will occur to those skilled in the art. 
Such variations and alternate embodiments are contemplated, 
and can be made without departing from the spirit and scope 
of the invention as defined in the appended claims. 
What is claimed is: 
1. A matrix integrated magnetic (MIM) core, comprising: 
a base having first and second outer edges separated by a 

top region; 
a plurality of outer legs on top region of said base along said 

first outer edge; and 
a center leg on said top region of said base along said 

second outer edge that spans said plurality of outer legs 
and separated therefrom to define a center window. 

2. The MIM core as recited in claim 1 further comprising a 
plate opposite said base that covers said plurality of outer legs 
and said center leg. 

3. The MIM core as recited in claim 1 wherein said center 
leg is shorter than said plurality of outer legs and forms an air 
gap between said center leg and a plate opposite said base that 
covers said plurality of outer legs and said center leg two. 

4. The MIM core as recited in claim 1 wherein said plural 
ity of outer legs exceeds 

5. The MIM core as recited in claim 1 wherein said plural 
ity of outer legs are disposed parallel to each other and per 
pendicular to said center leg. 

6. The MIM core as recited in claim 1 wherein a width of 
said center window is constant between said center leg and 
each of said plurality of outer legs. 

7. The MIM core as recited in claim 1 wherein ones of said 
plurality of outer legs have a winding coupled thereto. 

8. The MIM core as recited in claim 1 wherein said plural 
ity of outer legs have primary and second windings coupled 
thereto. 

9. The MIM core as recited in claim 1 wherein said center 
leg has a winding coupled thereto. 

10. The MIM core as recited in claim 1 wherein said center 
leg is one piece. 

11. A method of forming a matrix integrated magnetic 
(MIM) core, comprising: 

forming a base having first and second outer edges sepa 
rated by a top region; 

forming a plurality of outer legs on top region of said base 
along said first outer edge; and 

forming a center leg on said top region of said base along 
said second outer edge that spans said plurality of outer 
legs and separated therefrom to define a center window. 

12. The method as recited in claim 11 further comprising 
placing a plate opposite said base that covers said plurality of 
outer legs and said center leg. 

13. The method as recited in claim 11 further comprising 
placing a plate opposite said base that covers said plurality of 
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outer legs and said center leg and wherein said center leg is 
shorter than said plurality of outer legs and forms an air gap 
between said center leg and said plate. 

14. The method as recited in claim 11 wherein said plural 
ity of outer legs exceeds two. 

15. The method as recited in claim 11 wherein ones of said 
plurality of outer legs and said center leg have a winding 
coupled thereto. 

16. A power converter comprising: 
a first current doubler rectifier, including: 

at least one Switch coupled to an input of said power 
converter, and 

a first matrix integrated magnetic (MIM) core, coupled 
to said at least one Switch, including: 
a base having first and second outer edges separated 

by a top region, 
a plurality of outer legs on top region of said base 

along said first outer edge, and 
a center leg on said top region of said base along said 

second outer edge that spans said plurality of outer 
legs and separated therefrom to define a center 
window; and 

a second current doubler rectifier, including: 
at least one Switch coupled to said input of said power 

converter, and 
a second matrix integrated magnetic (MIM) core, 

coupled to said at least one Switch, including: 
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a base having first and second outer edges separated 
by a top region, 

a plurality of outer legs on top region of said base 
along said first outer edge, and 

a center leg on said top region of said base along said 
second outer edge that spans said plurality of outer 
legs and separated therefrom to define a center 
window. 

17. The power converter as recited in claim 16 wherein said 
first and second MIM cores further comprise a plate opposite 
said base that covers said plurality of outer legs and said 
center leg. 

18. The power converter as recited in claim 16 wherein said 
first and second MIM cores further comprise a plate opposite 
said base that covers said plurality of outer legs and said 
center leg and wherein said center leg is shorter than said 
plurality of outer legs and forms an air gap between said 
center leg and said plate. 

19. The power converter as recited in claim 16 wherein said 
plurality of outer legs of at least one of said first and second 
MIM cores exceeds two. 

20. The power converter as recited in claim 16 wherein 
ones of said plurality of outer legs and said center leg of said 
first and second MIM cores have a winding coupled thereto. 

c c c c c 


